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Introduction

The outcome of a viral infection with respect to cellular fate is a fundamental aspect of viral
biology. Different virus families have vastly different interactions with their host cells, but they
have long been broadly grouped as causing either persistent or cytopathic infections. Persis-
tent infections are established through a variety of mechanisms, but all result in a long-term
infection of the host cell. Other viruses cause a lytic (or cytopathic) infection that leads to cel-
lular death shortly after viral infection. But what if cellular death was not the only outcome of
a cytopathic viral infection? What if additional cell fates not only occurred but also were
important for viral pathogenesis? The focus of this review will be on the evidence for cellular
survival after cytopathic virus infections and the importance of these uncharacterized cell
populations.

Can a cell survive a productive, cytopathic viral infection?

Cells that are infected by cytolytic viruses are thought to die shortly after infection. This cell
death can occur as a byproduct of viral replication or by the actions of the immune system. But
how would one detect any cells that were able to spontaneously eliminate the virus and “sur-
vive” infection? Due to the fact that we detect viral infection by looking for viral protein or
nucleic acid, a cell that has “survived” and cleared the virus would essentially be identical to an
uninfected cell. Thus, traditional methods of assaying the presence of virus (western blot,
reverse transcription PCR [RT-PCR], or immunofluorescence) are not appropriate to ask
these types of questions. To look for additional cell fates, a system must be used in which any
cell that has experienced viral infection is permanently labeled.

To follow cell fate after infection with the cytopathic influenza A virus (IAV), we and others
have generated IAV strains that express the enzyme Cre-recombinase [1, 2]. In conjugation
with Cre-responsive transgenic animals that activate a fluorescent reporter only after Cre activ-
ity, one can look for the presence of fluorescent cells after the clearance of virus. Independent
reports have shown that despite IAV being characterized as a highly cytolytic virus, there are
populations of lung epithelial cells that survive both direct viral infection and the host immune
response [1, 2]. In addition to the work on IAV, data from the laboratory of Diane Griffin have
identified the mechanisms of noncytolytic virus clearance of the normally cytolytic Sindbis
virus from neurons [3], although some viral RNA persists (reviewed in [4, 5]). Cells have also
been reported to survive parvovirus B19 infection in an autophagy-dependent manner [6].
Thus, it appears that infection with highly diverse cytopathic viruses does not always lead to
cellular death but can also generate populations of “survivor” cells.
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What are the biological functions of cells that have survived and
cleared viral infection?

If little is known about the presence of cells derived from alternative cell fates, even less is
known about their potential functions. It has been proposed that nonlytic clearance of viral
infection could be critical for preserving organ or tissue function where there is slow or limited
regeneration potential, such as in the central nervous system or in the liver [4, 7]. To identify
roles for the cells that survive IAV infection, our group has characterized the mRNA profiles
of survivor cells. We observed that survivor cells displayed a unique and stable transcriptional
profile, suggesting that the cells acquired an altered phenotype after surviving infection [2]. By
specifically depleting survivor cells, we were able to show that survivor cells were increasing
inflammation in the lung, which delayed lung epithelium regeneration immediately after viral
clearance [2].

We were curious, however, as to why the body would harbor apparently detrimental popu-
lations of inflammatory survivor cells. In a subsequent study, we determined that the tran-
scriptionally altered survivor cells caused a profound difference in how the host responded to
secondary viral infections [8]. In fact, these cells appear to mediate the temporary window of
antigen-independent immunity against unrelated viruses after IAV infection has resolved,
which has been described in human populations [9]. Our current model is that early after stop-
ping active viral replication, these cells still have within them some amount of virus-derived
products and correspondingly activated pathogen-associated molecular pattern (PAMP)
receptors. However, they are no longer subject to antagonism of antiviral signaling pathways
as occurs during active infection and are, thus, highly inflammatory. Surviving IAV infection
also causes long-term transcriptional changes, which not only give these cells a unique pheno-
type but causes them to up-regulate different cytokines and chemokines during secondary
viral infection. During secondary infection, IAV survivor cells also up-regulate lung surfac-
tants and mucins [8]; these proteins can also have direct antiviral functions [10-12]. Interest-
ingly, survivor cell up-regulation of mucins that can help prevent viral secondary infection
may also contribute to increased available carbon sources in the lung, which are known to
increase susceptibility to secondary bacterial infection [13].

There are numerous other potential roles for cells derived from unappreciated fates. Since
these cells are not being cleared from the body, if they are able to retain and harbor even low
amounts of virally derived protein long term, they could be significant contributors to a pro-
cess like B cell affinity maturation. It is also tempting to speculate that diseases that are associ-
ated with viral infection but persist after viral clearance, such as chikungunya-mediated
arthritis, could be at least partially due to a population of cells that survived infection and influ-
enced the host in a negative manner. This is certainly not an exhaustive list of potential roles
for these cells, and these possibilities aren’t necessarily mutually exclusive.

Is the idea of a “typical” cell fate an artificial concept derived from
work in immortalized cell culture systems?

Because of their rapid growth rates (and indefinite proliferation), immortalized cell culture
lines (HeLa, Vero, A549, etc.) have long been the standard medium with which to not only
propagate virus but also study the nature of viral infection. As a consequence, many of our
conclusions regarding the outcome of infection are based on these experimental systems. But
while these cell lines are convenient and easy to work with, it is also well appreciated that
immortalized cells are frequently altered relative to corresponding primary tissues [14-17].
Are immortalized cell lines (with questionable relationships to primary cells) appropriate for
the study of cellular fates after viral infection? We believe that drawing conclusions about cell
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fate purely from immortalized cell experiments almost certainly leads to an oversimplification of
the potential outcomes of viral infection in vivo. In many cases, the cell fate observed in cell cul-
ture likely represents the predominant cellular fate in vivo, such as persistent infection after hep-
atitis C virus (HCV) infection. With some viruses, however, the in vitro cellular fate in cell lines
may only represent a reasonably small fraction of the fates after viral infection in vivo. Ortho-
myxo- and paramyxoviral infections are usually cytolytic in immortalized cells [18-21]. How-
ever, after infection of more physiologically relevant air-liquid interface differentiated primary
cell cultures, the amount of cell death can be very low [22-25]. Thus, it is important to not over-
interpret experiments done in cell culture as necessarily representative of in vivo infection.

Conclusions and future questions

There is clearly emerging evidence that some cells can eliminate cytotoxic viral infections and
survive (Fig 1). However, these reports are rare when compared to descriptions of the well-
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Fig 1. Additional cell fates after viral infection and roles for survivor cells. Cells that are infected with a cytopathic virus that normally
causes cell lysis (blue) can sometimes intrinsically eliminate the virus and become a “survivor” cell (orange). These survivor cells have been
shown to be important for contributing to inflammation and altering the response to secondary infection. Previously proposed or possible
additional functions of survivor cells include (among others): serving as a long-term source of viral protein to antigen-presenting cells (APCs)
and/or maintaining critical tissue structures and functions.

https://doi.org/10.1371/journal.ppat.1006409.g001
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studied infection outcome of cell death. The question therefore becomes: Are these additional
cell fates rare events and restricted to a few viruses, or are they a more general phenomenon
during viral infection that simply has not been characterized? We strongly suspect that for
almost every (if not every) virus, additional and uncharacterized cell fates occur and that these
cell populations are important for viral replication and disease. Little is known about these
potential cell fates after viral infection, in no small part because it is technically difficult to
identify such populations. Clearly, the development of experimental systems to look for these
cell populations is a necessary first step toward exploring this field.

For the populations of cells derived from alternative cell fates that have already been identi-
fied (as well as those that will be identified in the future), there are numerous open questions.
The first and most obvious question is: What are the relative frequencies of the different cell
fates for a given virus? It is also important to understand the nature of the viral infection that
leads to these additional cell fates. Differences in the intrinsic properties of the infecting virus
(such as mutations or incompletely packaged viral genomes) could be drivers of additional cell
fates. While we typically focus on viral infection generating new infectious virions, many
viruses (especially viruses with segmented genomes) produce large numbers of defective or
semi-infectious particles in addition to the fully infectious progeny virions (reviewed in [26,
27]). It is reasonable, therefore, to ask: Are “survivor” cell populations partially or completely
derived from a nonproductive infection with a defective viral particle? While the experiments
are yet to be done, we suspect that a combination of both productive and nonproductive infec-
tions can lead to the formation of survivor cell populations under different conditions. We
know that semi-infectious or defective viral particles can have significant effects on viral fit-
ness, transmissibility, and the immune response [28-31]. It is certainly a possibility that some
of the observed effects could be the result of defective particle “infections” of cells and the
establishment of survivor cell populations.

In addition to viral drivers of alternative viral fates, the host response to viral infection
almost certainly plays a role in survivor cell formation. No specific host pathway capable of
mediating complete viral clearance after the virus has established replication has been
reported, and the pathways required for viral clearance are likely different for every virus.
There may be as-of-yet undescribed pathways capable of cell-intrinsic viral clearance or alter-
native versions of known pathways such as autophagy that can mediate clearance. There may
also be heterogeneity in the magnitude or the kinetics of the induction of the interferon
response across a population of cells that underlies fate decisions. It is also important to note
that cellular survival in vivo is more complicated than simply surviving the direct effects of the
virus. These antigen-positive cells also must survive clearance by the adaptive immune system
to become long-term survivor cells.

In conclusion, there is much work to be done to lay the groundwork for even a basic under-
standing of the cellular populations that survive cytopathic viral infection. But after this foun-
dation has been laid, we will be able to perform the truly exciting experiments to understand
exactly how they are formed and how they contribute to viral pathogenesis. These studies will
illuminate an almost completely unexplored aspect of viral infection and will allow novel
insights into viral-host interactions.

Acknowledgments

The author apologizes to those with relevant work in this area who could not be discussed/
cited due to space limitations. The author would also like to thank the members of the Heaton
Lab for critical reading of this review.

PLOS Pathogens | https://doi.org/10.1371/journal.ppat.1006409  July 20, 2017 4/6


https://doi.org/10.1371/journal.ppat.1006409

@’PLOS | PATHOGENS

References

1.

10.

1.

12

13.

14.

15.

16.

17.

18.

19.
20.

21.

Reuther P, Gopfert K, Dudek AH, Heiner M, Herold S, Schwemmle M. Generation of a variety of stable
Influenza A reporter viruses by genetic engineering of the NS gene segment. Sci Rep. 2015; 5:11346.
https://doi.org/10.1038/srep11346 PMID: 26068081.

Heaton NS, Langlois RA, Sachs D, Lim JK, Palese P, tenOever BR. Long-term survival of influenza
virus infected club cells drives immunopathology. J Exp Med. 2014; 211(9):1707—14. https://doi.org/10.
1084/jem.20140488 PMID: 25135297.

Burdeinick-Kerr R, Griffin DE. Gamma interferon-dependent, noncytolytic clearance of sindbis virus
infection from neurons in vitro. J Virol. 2005; 79(9):5374-85. https://doi.org/10.1128/JV1.79.9.5374-
5385.2005 PMID: 15827152.

Griffin DE. Recovery from viral encephalomyelitis: immune-mediated noncytolytic virus clearance from
neurons. Immunol Res. 2010; 47(1-3):123-33. https://doi.org/10.1007/s12026-009-8143-4 PMID:
20087684.

Binder GK, Griffin DE. Immune-mediated clearance of virus from the central nervous system. Microbes
Infect. 2003; 5(5):439—48. PMID: 12738000.

Nakashima A, Tanaka N, Tamai K, Kyuuma M, Ishikawa Y, Sato H, et al. Survival of parvovirus B19-
infected cells by cellular autophagy. Virology. 2006; 349(2):254—63. https://doi.org/10.1016/j.virol.2006.
03.029 PMID: 16643977.

Chisari FV. Rous-Whipple Award Lecture. Viruses, immunity, and cancer: lessons from hepatitis B. Am
J Pathol. 2000; 156(4):1117-32. PMID: 10751335.

Hamilton JR, Sachs D, Lim JK, Langlois RA, Palese P, Heaton NS. Club cells surviving influenza A
virus infection induce temporary nonspecific antiviral immunity. Proc Natl Acad Sci U S A. 2016; 113
(14):3861-6. https://doi.org/10.1073/pnas.1522376113 PMID: 27001854.

Kelly H, Barry S, Laurie K, Mercer G. Seasonal influenza vaccination and the risk of infection with pan-
demic influenza: a possible illustration of non-specific temporary immunity following infection. Euro Sur-
veill. 2010; 15(47). PMID: 21144441,

Benne CA, Kraaijeveld CA, van Strijp JA, Brouwer E, Harmsen M, Verhoef J, et al. Interactions of sur-
factant protein A with influenza A viruses: binding and neutralization. J Infect Dis. 1995; 171(2):335—41.
PMID: 7844369.

LeVine AM, Gwozdz J, Stark J, Bruno M, Whitsett J, Korfhagen T. Surfactant protein-A enhances respi-
ratory syncytial virus clearance in vivo. J Clin Invest. 1999; 103(7):1015-21. https://doi.org/10.1172/
JCI5849 PMID: 10194474,

Linden SK, Sutton P, Karlsson NG, Korolik V, McGuckin MA. Mucins in the mucosal barrier to infection.
Mucosal Immunol. 2008; 1(3):183-97. https://doi.org/10.1038/mi.2008.5 PMID: 19079178.

Siegel SJ, Roche AM, Weiser JN. Influenza promotes pneumococcal growth during coinfection by pro-
viding host sialylated substrates as a nutrient source. Cell Host Microbe. 2014; 16(1):55-67. https://doi.
org/10.1016/j.chom.2014.06.005 PMID: 25011108.

Hare D, Collins S, Cuddington B, Mossman K. The Importance of Physiologically Relevant Cell Lines
for Studying Virus-Host Interactions. Viruses. 2016; 8(11). https://doi.org/10.3390/v8110297 PMID:
27809273.

Gillet JP, Calcagno AM, Varma S, Marino M, Green LJ, Vora MI, et al. Redefining the relevance of
established cancer cell lines to the study of mechanisms of clinical anti-cancer drug resistance. Proc
Natl Acad Sci U S A. 2011; 108(46):18708-13. https://doi.org/10.1073/pnas.1111840108 PMID:
22068913.

Pan CP, Kumar C, Bohl S, Klingmueller U, Mann M. Comparative Proteomic Phenotyping of Cell Lines
and Primary Cells to Assess Preservation of Cell Type-specific Functions. Mol Cell Proteomics. 2009; 8
(3):443-50. https://doi.org/10.1074/mcp.M800258-MCP200 PMID: 18952599

Toouli CD, Huschtscha LI, Neumann AA, Noble JR, Colgin LM, Hukku B, et al. Comparison of human
mammary epithelial cells immortalized by simian virus 40 T-Antigen or by the telomerase catalytic sub-
unit. Oncogene. 2002; 21(1):128-39. https://doi.org/10.1038/sj.onc.1205014 PMID: 11791183.

Scholtissek C, Becht H, Drzeniek R. Biochemical studies on the cytopathic effect of influenza viruses. J
Gen Virol. 1967; 1(2):219-25. hitps://doi.org/10.1099/0022-1317-1-2-219 PMID: 6060244.

Henrickson KJ. Parainfluenza viruses. Clin Microbiol Rev. 2003; 16(2):242—64. PMID: 12692097.

Kotelkin A, Prikhod’ko EA, Cohen JI, Collins PL, Bukreyev A. Respiratory syncytial virus infection sensi-
tizes cells to apoptosis mediated by tumor necrosis factor-related apoptosis-inducing ligand. J Virol.
20083; 77(17):9156—72. https://doi.org/10.1128/JV1.77.17.9156-9172.2003 PMID: 12915532.

Roulston A, Marcellus RC, Branton PE. Viruses and apoptosis. Annu Rev Microbiol. 1999; 53:577-628.
https://doi.org/10.1146/annurev.micro.53.1.577 PMID: 10547702.

PLOS Pathogens | https://doi.org/10.1371/journal.ppat.1006409  July 20, 2017 5/6


https://doi.org/10.1038/srep11346
http://www.ncbi.nlm.nih.gov/pubmed/26068081
https://doi.org/10.1084/jem.20140488
https://doi.org/10.1084/jem.20140488
http://www.ncbi.nlm.nih.gov/pubmed/25135297
https://doi.org/10.1128/JVI.79.9.5374-5385.2005
https://doi.org/10.1128/JVI.79.9.5374-5385.2005
http://www.ncbi.nlm.nih.gov/pubmed/15827152
https://doi.org/10.1007/s12026-009-8143-4
http://www.ncbi.nlm.nih.gov/pubmed/20087684
http://www.ncbi.nlm.nih.gov/pubmed/12738000
https://doi.org/10.1016/j.virol.2006.03.029
https://doi.org/10.1016/j.virol.2006.03.029
http://www.ncbi.nlm.nih.gov/pubmed/16643977
http://www.ncbi.nlm.nih.gov/pubmed/10751335
https://doi.org/10.1073/pnas.1522376113
http://www.ncbi.nlm.nih.gov/pubmed/27001854
http://www.ncbi.nlm.nih.gov/pubmed/21144441
http://www.ncbi.nlm.nih.gov/pubmed/7844369
https://doi.org/10.1172/JCI5849
https://doi.org/10.1172/JCI5849
http://www.ncbi.nlm.nih.gov/pubmed/10194474
https://doi.org/10.1038/mi.2008.5
http://www.ncbi.nlm.nih.gov/pubmed/19079178
https://doi.org/10.1016/j.chom.2014.06.005
https://doi.org/10.1016/j.chom.2014.06.005
http://www.ncbi.nlm.nih.gov/pubmed/25011108
https://doi.org/10.3390/v8110297
http://www.ncbi.nlm.nih.gov/pubmed/27809273
https://doi.org/10.1073/pnas.1111840108
http://www.ncbi.nlm.nih.gov/pubmed/22068913
https://doi.org/10.1074/mcp.M800258-MCP200
http://www.ncbi.nlm.nih.gov/pubmed/18952599
https://doi.org/10.1038/sj.onc.1205014
http://www.ncbi.nlm.nih.gov/pubmed/11791183
https://doi.org/10.1099/0022-1317-1-2-219
http://www.ncbi.nlm.nih.gov/pubmed/6060244
http://www.ncbi.nlm.nih.gov/pubmed/12692097
https://doi.org/10.1128/JVI.77.17.9156-9172.2003
http://www.ncbi.nlm.nih.gov/pubmed/12915532
https://doi.org/10.1146/annurev.micro.53.1.577
http://www.ncbi.nlm.nih.gov/pubmed/10547702
https://doi.org/10.1371/journal.ppat.1006409

@’PLOS | PATHOGENS

22,

23.

24,

25.

26.

27.

28.

29.

30.

31.

Ibricevic A, Pekosz A, Walter MJ, Newby C, Battaile JT, Brown EG, et al. Influenza virus receptor
specificity and cell tropism in mouse and human airway epithelial cells. Journal of Virology. 2006;
80(15):7469-80. https://doi.org/10.1128/JV1.02677-05 PMID: 16840327

Zhang LQ, Collins PL, Lamb RA, Pickles RJ. Comparison of differing cytopathic effects in human airway
epithelium of parainfluenza virus 5 (W3A), parainfluenza virus type 3, and respiratory syncytial virus.
Virology. 2011; 421(1):67-77. https://doi.org/10.1016/j.virol.2011.08.020 PMID: 21986028

Zhang LQ, Peeples ME, Boucher RC, Collins PL, Pickles RJ. Respiratory syncytial virus infection of
human airway epithelial cells is polarized, specific to ciliated cells, and without obvious cytopathology.
Journal of Virology. 2002; 76(11):5654—66. https://doi.org/10.1128/JV1.76.11.5654-5666.2002 PMID:
11991994

Villenave R, Shields MD, Power UF. Respiratory syncytial virus interaction with human airway epithe-
lium. Trends in Microbiology. 2013; 21(5):238—44. https://doi.org/10.1016/j.tim.2013.02.004 PMID:
23523320

Brooke CB. Biological activities of 'noninfectious’ influenza A virus particles. Future Virol. 2014; 9
(1):41-51. https://doi.org/10.2217/fvl.13.118 PMID: 25067941

Huang AS, Baltimore D. Defective Viral Particles and Viral Disease Processes. Nature. 1970; 226
(5243):325—+. https://doi.org/10.1038/226325a0 PMID: 5439728

Brooke CB, Ince WL, Wei JJ, Bennink JR, Yewdell JW. Influenza A virus nucleoprotein selectively
decreases neuraminidase gene-segment packaging while enhancing viral fitness and transmissibility.
P Natl Acad Sci USA. 2014; 111(47):16854-9. https://doi.org/10.1073/pnas.1415396111 PMID:
25385602

Fonville JM, Marshall N, Tao H, Steel J, Lowen AC. Influenza Virus Reassortment Is Enhanced by
Semi-infectious Particles but Can Be Suppressed by Defective Interfering Particles. PLoS Pathog.
2015; 11(10). ARTN e1005204 https://doi.org/10.1371/journal.ppat. 1005204 PMID: 26440404

Cave DR, Hendrickson FM, Huang AS. Defective Interfering Virus-Particles Modulate Virulence. Jour-
nal of Virology. 1985; 55(2):366—73. PMID: 2991562

Tapia K, Kim WK, Sun 'Y, Mercado-Lopez X, Dunay E, Wise M, et al. Defective viral genomes arising in
vivo provide critical danger signals for the triggering of lung antiviral immunity. PLoS Pathog. 2013; 9
(10):e1003703. https://doi.org/10.1371/journal.ppat.1003703 PMID: 24204261

PLOS Pathogens | https://doi.org/10.1371/journal.ppat.1006409  July 20, 2017 6/6


https://doi.org/10.1128/JVI.02677-05
http://www.ncbi.nlm.nih.gov/pubmed/16840327
https://doi.org/10.1016/j.virol.2011.08.020
http://www.ncbi.nlm.nih.gov/pubmed/21986028
https://doi.org/10.1128/JVI.76.11.5654-5666.2002
http://www.ncbi.nlm.nih.gov/pubmed/11991994
https://doi.org/10.1016/j.tim.2013.02.004
http://www.ncbi.nlm.nih.gov/pubmed/23523320
https://doi.org/10.2217/fvl.13.118
http://www.ncbi.nlm.nih.gov/pubmed/25067941
https://doi.org/10.1038/226325a0
http://www.ncbi.nlm.nih.gov/pubmed/5439728
https://doi.org/10.1073/pnas.1415396111
http://www.ncbi.nlm.nih.gov/pubmed/25385602
https://doi.org/10.1371/journal.ppat.1005204
http://www.ncbi.nlm.nih.gov/pubmed/26440404
http://www.ncbi.nlm.nih.gov/pubmed/2991562
https://doi.org/10.1371/journal.ppat.1003703
http://www.ncbi.nlm.nih.gov/pubmed/24204261
https://doi.org/10.1371/journal.ppat.1006409

